Thermodynamic characterization of high-temperature superconductors in the yttrium-barium-copper-oxygen system. The Y123 solid solution Abstract: The aim of this report is to inform the chemical community about a selfconsistent thermodynamic data set for the YBa 2 Cu 3 O 6+z (1 ≥ z ≥ 0) solid solution, that is well known as the Y123 phase and possesses superconducting properties at z~1 and low temperatures. About 3300 experimental points obtained in 240 miscellaneous experiments published in 78 papers have been processed simultaneously in order to obtain the most reliable Gibbs energy function of the Y123 phase in the temperature range from 250 to 1300 K and pressures up to 100 kbar. A function is recommended for approximation of the Gibbs energy, which has 16 adjustable parameters. All other thermodynamic properties of the Y123 solution, including the conditions for its internal stability, can be derived from the assessed Gibbs energy. Brief descriptions of the thermodynamic model, experimental and data assessment methods as well as examples of self-consistent thermodynamic data applications are given.
INTRODUCTION
The solid solution of oxygen in the compound YBa 2 Cu 3 O 6 can be described by the formula YBa 2 Cu 3 O 6+z , where the oxygen index z varies from 0 to 1. The usual abbreviation for this formula is Y123. The Y123 phase is the base of the first material that has been found to be superconducting at about the liquid nitrogen temperature [1] . At present it is considered to be the high-temperature superconductor that is most likely to be used in technical application. This phase was found to exist in two crystal structures, tetragonal and orthorhombic. Only the latter happened to be a superconductor: the higher oxygen content and ordering in the crystal lattice, the better are superconducting properties of the Y123 material.
Thermodynamic calculations confirmed by some special experiments strongly suggest that the superconducting Y123 phase exists as a metastable phase only and that it can spontaneously transform to other more stable phases [2, 3, 80, 81] . That peculiarity and the existence of many other phases with a similar qualitative composition complicate experimental investigations of this superconductor. Therefore, it is of special importance to have available a theoretical prediction of suitable conditions for synthesis and the use of this material and in particular, thermodynamic calculations of its stability at different temperatures, composition, and pressures, in the presence of other materials and gases. A set of data that is sufficient for the calculation of stability and interactions is provided by the Gibbs energy functions of the main phases in the Y-Ba-Cu-O system. When the Gibbs energy function is known all the other thermodynamic properties of phases and their internal stability conditions can be obtained by means of well-known thermodynamic relations.
In this report all experimental investigations related to the thermodynamic properties of the solid Y123 phase and the determination of its most reliable Gibbs energy function are reviewed. Publications exist in which the Gibbs energy function is obtained to a rough estimation only, on the basis of the measured enthalpy of formation, for example [67, 70, 74] . Unfortunately, the system of interest is too complicated to expect any significant progress by following this approach.
Reviews on the thermodynamics and phase diagrams of the Y-Ba-Cu-O system, can be found in Refs. [45, 80, [82] [83] [84] . 
THERMODYNAMIC MODEL
The model has to present the dependence of the thermodynamic properties as a function of all its state variables. There are many attempts to use detailed models for description of the properties or the results of individual experiments with the Y123 phase, such as a temperature of transition between tetragonal and orthorhombic crystal phases, variation of the oxygen content with oxygen partial pressure and temperature, heat capacities with temperature, etc. [4, 5, 7] . This approach accounts for the particular phase behavior, but cannot be used for determination of data for thermodynamic equilibrium calculations, which need an appropriate characteristic function, such as the Gibbs energy. Moreover, employment of several detailed models for description of one complete substance usually leads to discrepancies, because of the existence of rigorous interrelations between all thermodynamic properties. Hence, step-by-step consecutive interpretation of heat capacity, enthalpy, oxygen content, and other properties of the Y123 phase without employing any overall description results in equations that do not obey the thermodynamic laws [7, 68] . In Ref. [6] a general description of the Y123 phase thermodynamics is claimed, but without any concrete data or references to publications of appropriate results.
A complete thermodynamic description of the Y123 Gibbs energy function has been developed on the basis of a sublattices model in Refs. [2, [8] [9] [10] [11] [12] . The proposed model accounts for the existence of two crystal modifications, their reciprocal transformation by means of the second order phase transition, oxygen solubility in the range 1 ≥ z ≥ 0, oxygen occupancies and ordering in the basal plane of the crystal lattice, and the effect of temperature, composition, and pressure on the thermodynamic properties of the phase. The expression obtained for the Gibbs energy of formation of the Y123 phase from the oxides, Y 2 O 3 , BaO, CuO, and oxygen, i.e., the Gibbs energy of the reaction
is as follows [12] :
where z is the oxygen index (1 ≥ z ≥ 0), c is short for z/2, x is the oxygen order parameter describing oxygen distribution in the basal plane of the crystal lattice (z/2 ≥ x ≥ 0), R is the gas constant. The temperature T and pressure P dependent functions g i (T,P), a i (T,P) and b i (T,P) have identical equation
(r = g, a, or b and i = 1,…) and various parameters
that are fit to experimental data. P o -reference pressure equals to 101 325 Pa. Equations (2, 3) are obtained for use in the temperature range from 250 to 1300 K and P/P o up to 100 000. The model allows for differing occupations of oxygen sites in the two sublattices to accommodate the Gibbs energy for tetragonal and orthorhombic modifications. To this end, the order parameter x in (2) is defined as the difference between the oxygen occupancies y O in the sublattices (b) and (a) as follows [2] 
where oxygen occupancy y O means the oxygen mole fraction in the corresponding sublattice (a) or (b). Accordingly, 1 -y O gives the mole fraction of vacant sites. Thus, x should be equal to zero for the tetragonal phase and z/2 > x ≥ 0 for the orthorhombic phase. The equilibrium value of x at any given T and z can be determined by minimizing (2) over order parameter x, or by equating to zero the partial 
Sometimes, in quenched samples for instance, the order parameter might not reach an equilibrium value. If that is the case, the order parameter can be used immediately in (2), if it is known. The phase border between two crystal modifications can be found by solving the following equation, that is the thermodynamic condition for the second-order phase transition:
This equation allows us to compute the phase transition temperature at the given index z provided all the parameters for (2) are known. The equilibrium oxygen partial pressure p over the Y123 solid solution can be calculated from
All other thermodynamic properties can be obtained by means of well-known thermodynamic relationships. For instance, a formula for calculation of the molar volume V m follows from (2) as derivative of D ox G with respect to P:
The product of V m and P expresses the thermal equation of states for the Y123 phase. Table 1 summarizes available information on direct experiments that allow the thermodynamic properties of the Y123 phase at temperatures ≥250 K to be determined. At the first column of this table the groups of experiments are classified according to the measured property and variables under control. More detailed descriptions for the classification method are given in Ref. [8] and for experiments -in Refs. [2, 8, 12, 13, 80] . There are many other publications with results of indirect measurements of the Y123 thermodynamic properties such as the investigation of the Y123 decomposition reactions. However, to be able to interpret these results the properties of other compounds or solutions in the Y-Ba-Cu-O system are required, and hence for this reason these results are not considered in Table 1 .
EXPERIMENTAL INVESTIGATIONS

Phase transitions and oxygen occupancies
In a typical experiment an Y123 sample was heated or cooled in a controlled atmosphere with a known oxygen partial pressure. The transitions between orthorhombic and tetragonal phases were detected by a bend in the TGA or resistivity curve, or by X-ray diffraction methods. The experiments carried out by Refs. [14, 15] were quite similar except that the oxygen partial pressure was not fixed during the heating/ cooling cycle. One problem is that the authors have presented not the original experimental values of p but rather recalculated values at the index z according to their own measurements. Thus, here experimental points are given in the form T tr (p) or T tr (z) (see Table 1 ). The oxygen occupancies in the sublattices (a) and (b) (see (4)) have been measured in Refs. [16, 17] . Neutron diffraction has been employed in the first work and profile fitting of X-ray diffraction reflections in the second. The experiments were carried out at constant oxygen partial pressure and at several temperatures, and the experimental points look like x(T, p).
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Oxygen partial properties
Unfortunately, many results in this group of experiments are available only in graphic form. In most experiments, the relationship between the oxygen partial pressure over the Y123 phase, index z, and temperature has been studied. There are many approaches to study this two-dimensional surface, and it seems that all of them have been implemented in the case of the Y123 phase.
It is rather simple to control the oxygen partial pressure over the Y123 phase. Thermogravimetry allows us to measure the weight of the sample as a function of temperature and thus to measure the dependence of the index z on temperature at constant oxygen partial pressure. This gives experimental points in the form z(T, p). Another approach is to study isotherms; that is, the dependencies of p(T, z). The techniques employed were the EMF method, volumetric apparatus, and TGA. The same functions are obtained in Ref. [18, 92] , where a special apparatus based on the volumetric approach to maintain a constant the value of index z while heating or cooling the Y123 was used. The work of Ref. [15] is also included in this group even though the real experimental conditions were not isothermal, because the results of publication are available in the isothermal form only.
In Ref. [19] the traditional volumetric experiment was implemented but with a different experimental path. The total pressure was measured as a function of temperature at constant total volume. After assuming that the gas phase contains molecular oxygen only, the experimental points were obtained as
, where V c is the volume of the chamber, z i o is the index, and m i o is the mass of the original sample. During the experiment, the index z changed because some oxygen escaped from YBa 2 Cu 3 O 6+z to the gas phase. Assuming that molecular oxygen obeys the perfect gas law and neglecting the volume of the condensed phase, the current index z can be calculated [12] . In Table 1 this approach is classified under the p(T, v) experimental group.
Oxygen partial enthalpies have been measured by reaction microcalorimetry in Ref. [20] as a function of the index z at 873 K. Authors of Ref. [21] have also employed high-temperature reaction calorimetry; however, the experiment was carried out differently, and the results here are available as transposed-temperature-drop enthalpy measurements [12] .
Integral properties
The measured thermodynamic properties discussed so far would be enough to predict the behavior of the Y123 phase by itself even though they do not allow us to estimate the temperature function g 1 (T,P) in (2) because it disappears during the differentiation with respect to index z. Yet, in order to predict results of the interaction with other substances one has to know the Gibbs energy as a whole. To this end, experiments are available where the integral Gibbs energy, the enthalpy, the entropy and the heat capacity have been measured. Oxygen adsorption and desorption from the Y123 phase below ª450 K can be considered as kinetically fully hampered ("frozen") and the index z at these temperatures cannot be controlled anyway by the external oxygen partial pressure. This allows us to obtain the heat capacity as a function of temperature at constant z. The experimental data are presented as C p (T, z). All the available values are divided into two groups: low-temperature heat capacity measured by adiabatic calorimetry and hightemperature heat capacity measured by differential scanning calorimetry.
The low-temperature heat capacity measurements are characterized by rather good accuracy, and the results are usually available in the temperature range from liquid helium to room temperature. Because of the limitations in the temperature range used, description of the heat capacity in (2) was possible only above 250 K. Accordingly, the results of adiabatic calorimetry were considered as two different types of measurements, the absolute entropy at 298.15 K, estimated as an integral over all the temperature range, and the upper part of the heat capacity curve (T>250 K). The precision of the heat capacity measured by DSC is not as good as from adiabatic calorimetry. Another problem is that at higher temperatures oxygen adsorption/desorption can occur, and interpretation of the results becomes rather difficult (see discussion in Ref. [22] ). This was the reason only high-temperature heat capacities below 425 K were considered here. In the original studies [23, 24] , the results are available up to 900 K.
The changes of enthalpies and Gibbs energies are given for reaction (1) . The enthalpy of formation of the Y123 phase has been measured in a number of laboratories by means of solution calorimetry and, as one may expect, there is a great scatter among the results. Authors of Ref. [25] have thoroughly reviewed calorimetry results and pointed out that the main problem responsible for the scatter between different laboratories is due to impurities of the oxides used for calorimetry (especially BaO that reacts readily with H 2 O and CO 2 from the air). If the authors have not paid attention to the purity of the samples, or at least if this question is not discussed in the paper, their results are less reliable than from those who have carefully discussed this problem. Numerical results for the assessment were taken from [25] , where almost all results have been recalculated with the same set of auxiliary values.
There are a few papers, giving EMF measurements of the Gibbs energy of formation from oxides [26] [27] [28] . Because of the high-temperature nature of the method, the results are available at fixed oxygen partial pressure, i.e., in the form of D ox G(T, p) . Only the results of [28] are in reasonable agreement with calorimetric enthalpies and entropies. The authors of Ref. [2] have discussed the various studies and suggested that the disagreement in the case of [26, 27] can be explained by ambiguities in auxiliary values that are necessary to recalculate the experimental values for reaction (1) . As a result, only Ref. [28] was used, and two other studies are put into the group of unreliable experiments.
Volume and elastic properties
Some of the experiments mentioned above were done with the Y123 phase at a total pressure deviating from P o . Expression (2) allows for the effect of hydrostatic pressure on the thermodynamic properties of phase, but for an accurate determination of the parameters W ri , l ri and j ri in (3), volume measurements © 2000 IUPAC, Pure and Applied Chemistry 72, 463-477 at different T and P are needed. These data were usually calculated from the values of the crystal lattice parameters determined by means of XRD [14, 17, 18, 21, [30] [31] [32] [33] [34] [35] or NDA [16] . From these results crystal thermal expansion coefficients, compressibility, or bulk modulus can be also derived. There is evidence for some anisotropy in the elastic properties of the Y123 phase. This behavior can be observed with single crystals, but not on the ceramic samples. In particular, the latter are the object of description by the model (2), in which P is the hydrostatic pressure. Therefore, the values of the elastic property resulting from the accepted model are the mean quantities of the same property for different crystallographic axes.
XRD permits study of the specimen at high static pressure generated directly with diamond anvils [36] [37] [38] or by a liquid pressure-transmitting medium [39, 40] . Some published investigations of the Y123 phase elastic constants were not used for the assessment because of too low temperatures [29] . Likewise measurements of sound velocity and attenuation in ceramic specimens were not used as they gave results depending on the uncontrolled porosity of the samples [41] .
DATA ASSESSMENT METHOD
The task of simultaneous assessment is to obtain a set of parameters in (2, 3) that gives the best description of the original experimental values, described briefly in Table 1 , provided that thermodynamic properties of the pure oxides and oxygen are known (see Table 2 ). The relationship between the measured property f ij and the same property calculated by thermodynamic laws at given controlled thermodynamic variables u ij , v i and the vector of unknown parametersin (2) can be expressed in the general form as
where index j denotes the experimental points within the i-th experiment (the group of measurements made with the same sample on the same equipment), e ij is the experimental error. All calculated thermodynamic properties of the YBa 2 Cu 3 O 6+z phase, f ij calc , could be obtained from (2) by means of algebraic and/or numerical methods. This means that the vectorcontains the same set of unknown parameters for all the equations describing thermodynamic properties, although some parameters may vanish during differentiation of (2). So, for the experiments on the tetragonal-orthorhombic phase transformation f ij in (9) is the temperature of the transformation at a given oxygen partial pressure, T tr (p), or composition, T tr (z) (see Table 1 ). Values of T tr calc (p) can be obtained by solving the system of two equations (6) and (7) for two unknowns z and T, and T tr (z) -by solving (6) for the unknown T. The next group of experiments in Table 1 , equilibrium values of the oxygen occupancies, is computed by numerical solving the system of (5) and (7) for z and x, and so on.
The main problem in solution of a set of equations (9) lies in the question of what should be considered the best description of the experimental points. In other words, it lies in considerations of the uncertainties e ij . If all the errors e ij are postulated to be non-correlated random errors, and ratios between variances for all the errors are known a priori, the mathematical statistic leads us to the conventional approach of the weighted least squares method (WLS). But, both these statements are too restrictive for real-life applications. The variance ratios for experimental points are not known a priori and this makes a proper choice of statistical weights for the WLS calculation ambiguous. Then, as a rule, discrepancy between the results of different experiments is greater than data scatter within a single experiment (the ratio of the corresponding sum of squares is more than Fisher's criterion allows). This is explained in terms of experimental systematical errors. An appropriate statistical model for experimental errors was proposed in Refs. [42, 43] . According to this approach e ij in (9) is replaced by the sum of tree errors:
where the first one, e r,ij , is the random reproducibility error, and two others describe systematical errors In the final formulation of the present task 16 unknown parameters from the Gibbs energy function (2, 3) plus 11 unknown variance components were used. The variance components are the variances of the errors in (9, 10) . The number of unknown variances has been chosen under the principle of like compromise when the experiments have been divided into the groups possessed by the same quality (see details in [8] ). Preliminary expert analysis and data assessment shows the existence of several groups of experiments that can be classified as "wrong" (see section 3 and Refs. [8, 12] ). Although these works are included in Table 1 , their results are excluded from the final assessment. The complete set of equations (9) was solved by the maximization of the likelihood function [8, 42, 44] . The data optimization procedure for the Y123 phase is described in more details in Refs. [8, 12] .
The data assessment method used here has several practical advantages compared with conventional WLS. It allows us to exclude the adoption of the statistical weights of the experimental data when they are uncertain, it gives a real estimate for the variances of the fitting parameters, and it permits one to have a new look on the graphical comparison of the initial data. Figure 1 shows deviates normalized to the standard deviation for all experimental points included into the assessment for Y123 phase [8] . Obviously the total deviations exceed the reproducibility error by several times, which demonstrates the existence of systematic errors for the individual experiments.
SELF-CONSISTENT DATA
The final values of the parameters assessed in (2,3) and their standard deviations are presented in Table 3 . The results of data optimization show that parameters describing pressure dependence of the thermodynamic functions in (2,3) , i.e. W g1 , W g2 , l g1 , and j g1 , are practically not correlated with the other parameters [12] . Therefore, the thermodynamic calculations in the case when the total pressure is less than 100 to 200 bar can be done without noticeable errors assuming these parameters to be zero. It is notable, that at zero values of l ri and j ri the last addends in (3) are W ri ◊(P/P o -1). Figures 2 and 3 show examples of the description of the primary experimental points by the recommended self-consistent data. Other verifications of the model and comparison with experimental data are in Refs. [2, 8, 12, 22, 45] . 
in the temperature interval from 250 to 1300 K, G 
SOME APPLICATIONS
The main applications of thermodynamics are found in the use of databases that contain thermodynamic functions for many substances. The more substances and self-consisted data are accommodated the better become the possibilities for applications. Such employment of thermodynamics for the Y-Ba-Cu-O system can be found in Refs. [2, 45, 80, 82] . Below examples concerning accepted Y123 solid solution data only are presented.
Low-temperature decomposition
According to thermodynamics the Y123 solid solution cannot exist at very low temperatures. There are two possibilities for its conversion-splitting into two other solid solutions, which transform to the Fig. 1 Deviations of included into assessment experimental data points normalized to the standard deviation versus character variable of the appropriate experiment normalized to its maximal value. Single points represent data of measurements. A set of measurements in the same experiment has got its own symbol. After Ref. [8] . [36, 37, 39] are represented by different symbols. After Ref. [12] . Fig. 3 Thermogravimetic measurements of the oxygen content in the Y123 phase at lg(p/P o ) = -0.05 and various temperatures from Ref. [92] . Values of z were calibrated by the oxygen stoichiometry at 200 ºC as determined by the weight loss after complete reduction of sample (squares) and by using the assumption that z equals 0.999 at 200 ºC (triangles). The line was calculated from (7).
components as the temperature decreases, and ordering with formation of individual intermediate compounds. The first way is shown in Fig. 4 . It should be implemented if the ordered intermediate phases are thermodynamically unstable, or if their formation is kinetically suppressed (for example, from over a big phase nucleation barrier). It seems that formation of ordered compounds from the Y123 phase is confirmed in several experiments [33, 90, 91] . Such being the case, Fig. 4 corresponds to the virtual metastable state decomposition of the Y123 solid solution. There is also some experimental evidence for the occurrence of this miscibility gap [64] .
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Phase transition under pressure
Another question is how the relative stability of the orthorombic and tetragonal Y123 structures varies with pressure. In Ref. [36] the orthorhombic to tetragonal transition was found only at pressures above 70 000 bar in contrast to other publications. Apparently, it was an irreversible transition, since an abrupt change of volume was observed. That points towards a first order rather than a second order transition. According to (2) or (8), because of the difference in the oxygen order parameter x, two structures have different stability at P unequal to P o if at least one of the W bi coefficients is not equal to zero. According to Table 3 , the thermal equation of state for the Y123 is follows,
The same is true for the both crystal modifications, which implies independence of their stability from the pressure. But, this conclusion should be considered as preliminary, because the available experimental data do not allow us to obtain a significant estimate for the W bi parameters. This however does not exclude the possibility of this effect in principle. The final decision can be made be performing more precise experiments.
FUTURE PROBLEMS
The next steps to thermodynamic characterization of the Y123 superconductor are the investigation of this solid solution ordering, and modelling of liquid solutions in the system Y-Ba-Cu-O. Sets of self-consistent data for these two materials would permit us to predict by means of thermodynamic calculations the crystallization of phases from melts as well as the proper formation of ordered superconducting compounds.
CONCLUSIONS
The phenomenological model of the Y123 phase considered here (2,3) correctly reflects its thermodynamic properties, and enables one to describe the experimental data with satisfactory accuracy. To best fit the values of the model parameters all available thermodynamic and structural data on the Y123 phase have been combined in an optimization analysis. The description obtained in this way is directly amenable to computer treatment and automatic data retrieval, and at present it is unnecessary to derive for these purposes any new models or equations. The system of the self-consistent thermodynamic data, presented by the model (2, 3) and the values of the parameters in Table 3 , unifies all current information on the thermodynamics of the Y123 solid solution obtained in 240 experiments. Thus, in the future the recommended description of this material can only be revised when new investigations of higher precision become available, or if new behavior of the Y123 phase is found (such as existence of the tetragonal-orthorhombic transformation under pressure or the possibility of oxygen indexes z being greater than 1). The detection of such new effects, however, will go hand in hand with more precision of the experimental observations. Figure 3 illustrates the benefit of the thermodynamic characterization of the Y123 phase recommended here. It shows an adequate description of the data on the precise experimental measurement of z(T) [92] , which were not used for the assessment of the parameters in (2).
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